INTRODUCTION
The earthquake source is modeled as a dynamically propagating shear crack in the Earth with a rupture front near which the concentration of stresses is involved. The stresses near the crack tip exhibit the singularity of linear elastic fracture mechanics. This stress singularity is avoided if the cohesive zone (or the breakdown zone) over which the strength degrades with ongoing slip is assumed behind the propagating crack tip. The concept of the cohesive zone was first hypothetically introduced by Barenblatt [1959] to avoid the singular stresses near the tip of a tensile crack in linear elastic brittle materials, and later this hypothetical concept of the cohesive zone was applied to shear cracks by Ida [1972] and Palmer and Rice [1973] for geophysical purposes. The cohesive zone model for shear faulting assumes that the shear stress near a crack tip is a function of slip displacement. Recent laboratory experiments in which rock sample with a simulated fault that is large compared with the cohesive zone size is used have demonstrated that the shear strength actually degrades with ongoing slip near a tip of the propagating slip zone during shear failure along a preexisting fault [Okubo and Dieterich, 1981, 1984; Ohnaka and Yamamato, 1984; Ohnaka et al., 1986 Ohnaka et al., , 1987a . This slip weakening behavior has been described approximately by a simple model that is often referred to as "slip-weakening Copyright 1989 by the American Geophysical Union.
Paper number 88JB04127. 0148-0227/89/88JB-04127505.00 model" [e.g., Andrews, 1976; Rice, 1980 Rice, , 1983 Rudnicki, 1980] , in which the cohesive stress decreases linearly with ongoing slip from its peak value to the residual friction stress level (Figure 1 ). This simple slip-weakening model has successfully been used for seismological applications [Ida, 1972; Andrews, 1976; Burridge et al., 1979; Day, 1982] . Theoretical elasticity analyses for the simplified slipweakening instability model shown in Figure 1 predict, however, that slip acceleration is inevitably infinite at the tip of the cohesive zone [Ida, 1973] . This acceleration singularity at the crack tip is not physically reasonable. If the model is physically reasonable, it must involve the nonsingularity of acceleration at the crack tip as well; in other words, constitutive relation between shear stress and slip displacement must be chosen so as to give a finite acceleration as well as finite stresses at and near the crack tip. This is crucial when the strong motion source parameters such as the peak slip acceleration are discussed in terms of physics. Ida [1973] theoretically investigated the relation between the singularity of slip acceleration near the propagating tip of the cohesive zone and specific functional forms of the cohesive stress to the slip displacement and showed that the acceleration can be finite at the propagating tip if the cohesive stress is a suitable function of the slip displacement. Ida assumed mathematically simple relations between cohesive stress and slip displacement and was able to show one specific case for which the acceleration is finite at the crack tip [Ida, 1973] torily explain the overall feature of slip-weakening instability behavior commonly observed during stick-slip shear failure in the laboratory, and in this sense his model may be called "mathematical" rather than "physical." Experimental observations show that such overall breakdown process is well-approximated by the above-mentioned slip-weakening instability model, and the slip-weakening instability concept itself seems to deserve special attention in the discussion about the earthquake source model. As pointed out above, however, such a simple slip-weakening model as shown in Figure 1 inevitably leads to the acceleration singularity of the type r-•/2 at the distance r from the tip of the slipping zone along the fault plane. Recently, a rate-and state-dependent friction law has been proposed and developed by Dieterich [1978 Dieterich [ , 1979 Dieterich [ , 1981 Dieterich [ , 1986 ] and Ruina [1983] . This constitutive law is based on experimental studies on quasistatic frictional sliding in rock and the interpretation by Dieterich and Ruina. A specified simple model following a rate-and state-dependent friction law enables one to depict the slip motion during dynamic instabilities [Gu, 1984 [Gu, /1985 Rice and Tse, 1986; Tse and Rice, 1986] . In particular, Rice and Tse [1986] analyzed dynamic motion for a single degree of freedom elastic system following the rate-and state-dependent friction law. Their analysis indicates that the model following the rate-and state-dependent friction law does not necessarily explain in quantitative terms observed relations between frictional stress and slip velocity during dynamic breakdown processes [Ohnaka et al., 1987a, b] . In fact, Ol<ubo and Dieterich [1986] point out that frictional strength is rateindependent at very high slip velocities. This practically means that the rate-dependent friction law is no longer applicable in the range of high slip velocities during dynamic breakdown processes. There might be an alternative interpretation that the rate-and state-dependent models can be modified to affect the rate independence at high slip velocities while maintaining their applicability at low velocities [Dieterich, 1986; Okubo and Dieterich, 1986 ]. This will be preferred if the same friction law can be used over the entire range of slip rates. However, virtually all the evidence for the rate-and state-dependent friction law comes only from experiments at very low slip rates, so that such a simple modification may not necessarily lead to the appropriate form of the friction law valid at high (or dynamic) speeds. In addition, it is unclear whether the model following the rateand state-dependent friction law does not involve any acceleration singularity near a dynamically propagating tip of the slipping zone along the fault in an elastic continuum. Although Gu [1985] discussed the breakdown (or slipweakening) process on the basis of the rate-and statedependent friction law, he presumed that slip acceleration is constant during the entire breakdown process. Hence Gu's model yields no information concerning the peak slip acceleration, which is one of the key parameters characterizing earthquake source strong motion. An alternative way to discuss earthquake source strong motion in terms of physics may be to take an approach from the cohesive zone model into which details of the slip-weakening process suggested from careful experiments are incorporated.
High-frequency strong motion in the earthquake source has attracted much attention of seismologists. Such highfrequency strong motion is related to inhomogeneity of the fault. The primary purpose of this paper is to find a physically reasonable relation between cohesive strength and slip displacement which does not give rise to any unrealistic singularities at and near the dynamically propagating tip of shear crack, on the basis of facts obtained from careful laboratory experiments, and to describe strong source motion characterized by high-frequency content comprehensively in terms of such a physically reasonable crack model. This is important when strong motion source parameters such as the peak acceleration are discussed in terms of physics. We further wish to show how strong motion source parameters such as the peak slip acceleration are related to characteristic parameters of the cohesive zone model, such as the breakdown stress drop, the breakdown time, and the critical displacement. To these ends, we have done a series of systematic laboratory experiments and theoretical studies, which will be described below. Once a specific, reasonable form of constitutive relation is found between cohesive stress and slip displacement, relations prescribing earthquake source strong motion can be derived theoretically from a model based on the constitutive relation. The theoretical relations thus derived will be compared with experimental results to show how well the theoretical model explains experimental data and to check physical reasonableness of the basic assumptions used. In this paper the terms "cohesive zone" and "breakdown zone" are both synonymously used to describe the zone of shear stress degradation near a propagating rupture front.
EXPERIMENTS

Methods
To understand constitutive behavior near the rupture front during an earthquake source shear failure along a preexisting fault in terms of physics, local breakdown processes near the propagating tip of the slipping zone under mode II crack growth condition have been investigated in detail, using granite sample with a precut fault of which size is large compared with the breakdown zone size. The experimental methods and techniques have been described elsewhere [Ohnaka et al., 1986 [Ohnaka et al., , 1987a , so that only a brief description is given below.
The same Tsukuba granite sample (28 cmx 28 cmx 5 cm), sawn in two along the diagonal, that had been used in previous experiments [Ohnaka et al., 1986 [Ohnaka et al., , 1987a was used for the present study to produce stick-slip failure instability along the precut fault. The fault length about 40 cm long is sufficiently large compared with the breakdown zone size, which has been found to be 5 -6 cm in the zone of dynamic rupture propagation [Ohnaka et al., 1986 [Ohnaka et al., , 1987a . That the entire fault length is large compared with the breakdown zone size is essential for observing characteristic behaviors of local breakdown near the crack tip. The breakdown zone size depends on the roughness of fault surfaces [Okubo and Dieterich, 1984 Signals from a slip failure event generated at a higher normal stress contain higher-frequency components [Ohnaka et al., 1986 [Ohnaka et al., , 1987a . A suitable transfer function of the filter operated for original signals from individual slip failure events has been determined, after preliminary trialand-error smoothing operation, in such a way that the cutoff frequency of the transfer function of the smoothing operator is at least higher than the cutoff frequency of the power spectral density of the slip acceleration signals. The smoothing operator with a higher cutoff frequency was used for those data containing higher-frequency signal components to avoid removing significantly high-frequency signal components.
Data
An earthquake strong ground motion characterized by high-frequency content is related to the details of faulting.
To construct an elaborate model that can explain such a strong motion, we must first of all understand detailed characteristic features near the propagating crack tip, and these features must be incorporated into the model. The resulting model will not give rise to singularities of slip acceleration as well as stresses at and near the propagating tip of a shear crack. For this purpose, we have done a great number of experiments on propagating stick-slip failure (mode II crack growth) and carefully observed local dynamic breakdown processes near the crack tip. Many of the findings in this series of experiments have already been published in the previous papers [Ohnaka et al., 1986 [Ohnaka et al., , 1987a . One of the important results relevant to the present concern is of the interrelations between local shear stress, slip displacement, slip velocity and slip acceleration near the dynamically propagating tip of the slipping zone during an unstable slip failure, and a typical example is reproduced in Figure 2 
where oe is the frequency. Figure 2a shows that the shear stress decreases from its peak value (or the breakdown shear strength) to a dynamic friction stress level with ongoing slip displacement. Such slip-weakening behavior has been commonly observed during not only stick-slip failure along a preexisting fault [Okubo and Dieterich, 1981, 1984; Ohnaka and Yarnarnoto, 1984; Ohnaka et al., 1986 Ohnaka et al., , 1987a , but shear failure of intact rock [Rice, 1980; Wong, 1982 Wong, , 1986 , and these overall breakdown processes are approximately described by the simple slip-weakening instability model shown in Figure 1 . In Figure 2b the shear stress •-is expressed as a function of the slip velocity V. Figure 2b shows that the shear stress first increases to its peak value with increasing slip velocity (d•'/dt • 0 and dV/dt • 0), and that the peak shear stress is attained at a small but nonzero value of the slip velocity. Once the peak value is attained, the shear stress decreases rapidly with increasing slip velocity to a level where the slip velocity has its maximum value, and slip failure instability is promoted during this accelerating phase In a later section, we will show theoretically that the peak shear stress is attained not at the crack tip, but at a short distance from the tip inside the crack. This feature has been incorporated into Figure 3 .
That the peak shear stress is attained at a nonzero value of the slip velocity shows that the shear stress reaches its peak value at a very small but nonzero value of the slip displacement. This can be demonstrated experimentally. limited number of monitoring channels available), so that (r,.
-rd)/(rp -rd) = 1/(1 + S) = 0.67 -0.71. This will be considered later when the numerical calculation is made on the basis of the theoretical model given in the next section. It seems physically important that the peak stress is attained at a nonzero value of slip displacement, and this may be the constitutive feature leading to bounded slip acceleration near a dynamically propagating crack tip. If this is the case, the simplified slip-weakening instability model (Figure 1 ) inevitably results in the acceleration singularity at the propagating crack tip, because such a detailed feature is overlooked in the model. It will be shown later that the observed feature must be incorporated into the model to enable one to discuss strong motion source parameters such as the peak slip acceleration in terms of physics. That the shear stress reaches its peak value at a nonzero value of the slip displacement means that the shear stress behind the propagating crack tip in the breakdown zone can increase with ongoing slip until its peak value is attained. This stress increase may be ascribed to an increase in frictional interaction between two mating rupture surfaces behind the crack tip with ongoing slip. Friction is basically Figure 7) , and it can also be estimated graphically. Experimental data on these parameters will be used later to be compared with theoretical relations that will be derived from the breakdown zone model following the constitutive relation (3) in the next section.
A CONSTITUTIVE RELATION BETWEEN COHESIVE STRESS AND DISPLACEMENT
There are in general two processes involved in frictional sliding even at a constant sliding velocity: (1) slip-weakening process during which frictional shear strength degrades with ongoing slip and (2) slip-strengthening process during which frictional strength increases with increasing slip displacement. The shear strength in the breakdown zone behind the propagating crack tip may be ascribed to frictional interaction between two mating rupture surfaces. If this is the case, the shear stress in the breakdown zone can increase with slip displacement when the stress is less than the peak stress (or the breakdown strength). Once the peak stress is attained, however, the shear stress degrades with ongoing slip displacement from its peak value to a dynamic friction stress Frictional strength can increase even if Oil: 0. Dieterich [1972] found that static frictional strength increases with an increase in stationary contact time between two mating surfaces at a constant normal stress. This time dependency is considered to be due to time-dependent deformation at mating asperities [Dieterich, 1978] where /x, /%0, and /x d are r, %o, and rd divided by %, respectively. Equation (7) incorporates the effects of both and Dñ (or to), and we have assumed that the effects of and Dñ are mutually independent. The constitutive relation (3) or (7) provides a description of a possible breakdown process for earthquake slip instabilities. We wish to show below that (3) or (7) can actually not only give finite slip acceleration and finite stress near a dynamically propagating crack tip during shear failure, but explain relations between strong motion source parameters in quantitative terms. 
Using the solution for &(•, the quantity F can be numerically computed and tabulated in Table 2 . F depends slightly on r•/rp and takes a value ranging approximately from 0.25 to 0.5 according to the value of r•/rp (Table 2) ; however, such a modest change in F may practically be neglected, and F may be regarded as virtually constant. The nondimensional breakdown zone size X•., taking such a numerical value as listed in Table 2 , is also considered to be virtually constant. We thus notice from (32) and ( is expressed in terms of rp and v as A relation similar to (34) has been presented by Rice [1980] (remember that dynamic friction stress is neglected in the present analysis).
From (28) and (29) (Table 2 ). We thus conclude that the theoretical result agrees satisfactorily with the experimental observations.
The predominant period of acceleration waves near an earthquake fault will closely be related to the pulse width of slip acceleration on the fault plane. Hence the relation between the pulse width T,, of slip acceleration and the time T, required for the crack tip to break down (or the breakdown time) will be examined here. We find from Table 2 Figure 18 , and the solid circles in the figure indicate experimental data. In this case, the theoretical relation gives slightly larger values than the experimental data; however, both trends are nearly the same. We thus conclude that the basic relation (3) or (7) assumed in this paper is a reasonable constitutive relation which does not involve unrealistic singularities of slip acceleration and stresses, and which can explain experimental data on dynamically propagating slip failure quantitatively. The constitutive relation can explain earthquake source strong motion as well, as will be discussed in the next section.
DISCUSSION
As pointed out in foregoing sections, discussion of an earthquake source strong motion characterized by highfrequency content in terms of a physically reasonable crack model requires understanding characteristic features of the breakdown zone near the propagating crack tip, and a model with bounded slip acceleration and stresses at and near the crack tip. We have put forward a specific form of constiturive relation (3) or (7). Although the rate-dependent effect is not incorporated in the present model, the relation (3) or (7) can describe sequences of repeated slip instabilities on the same fault surfaces, because the stress ri is time dependent (compare equation (6)). However, the present model is not intended to explain the rate-dependent effect experimentally observed at low slip rates by Dieterich [1979 Dieterich [ , 1981 The cutoff frequency f'max defined and discussed here may not necessarily be the same as the cutoff frequency fmax defined by Hanks [1982] as the upper limit of frequency of the spectral band of strong motion accelerograms recorded at distances from an earthquake source. There are three possible causes for the cutoff frequency fmax: (1) the source effect, (2) the recording site effect, and (3) the effect of path attenuation [e.g., Hanks, 1982] . The cohesive zone model inevitably leads to the conclusion that acceleration spectra cannot be flat at frequencies higher than the spectral corner frequency prescribed by fault duration or source dimension [e.g., Brune, 1970] , but that the cutoff frequency f'max of acceleration spectra of source origin must exist, and this cutoff frequency is prescribed by the breakdown zone size. This has been discussed by earlier authors [e.g., Papageorgiou and Aki, 1983a; Aki, 1985] . If observed fmax is determined by the recording site effect and/or the effect of path attenuation, then fmax < f•'max. However, iffmax is prescribed by the source effect, then fmax = f•,ax, and in this case the relations (43) and (44) may be useful in determining strong motion source parameters.
